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I° 
In preceding papers it has been shown that gravity has a  directive 
influence on the arrangement of certain organs in the regeneration of 
Bryophyllum  calycinum.  Thus,  when  an  excised piece  of  stem  of 
Bryophyllum is  suspended horizontally in moist air, roots will grow 
abundantly on the lower side of the stem but not on the upper side, 
with  the  exception  of  the  basal  end  where the  roots  will  grow on 
both sides.  In order to get abundant root formation it is necessary 
to  preserve one  of  the  apical  leaves on  such  a  stem  since  the  leaf 
furnishes most of the material for the growth of the roots,  t 
A  second case in which this directive influence shows itself is  the 
leaf of the same plant.  When we suspend an isolated leaf of Bryophyl- 
lure  (in moist air)  sidewise, in a  vertical plane, roots and shoots will 
grow abundantly in the notches of the lower side, but less abundantly 
and  frequently not at all in the notches of the upper side of the leaf 
(Fig. l, upper row).  This phenomenon was explained by the writer 
in  the  following way.  Gravity  causes  a  slightly greater  collection 
of sap on the lower side of the organs mentioned and this causes the 
dormant buds for root formation to grow out a little earlier or more 
quickly on the lower than on the upper side of the stem or the leaf. 
It is a general rule in the phenomena of regeneration in Bryophyllum 
that  organs which grow out first or more quickly attract  for some 
reason the flow of sap (possibly by modifying the direction of the sap 
flow)  and  thereby inhibit  or retard  the growth of similar organs in 
other places,  and  this  inhibitory factor is  added  to  the influence of 
t Loeb, J., J. Gen. Physiol., 1918-19, i, 687. 
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gravity  upon  the  distribution  of  sap.  It  is,  therefore,  not  gravity 
alone which determines the directive effect in these cases but gravity 
in  combination  with  the  modification  of  the  sap  flow  towards  a 
growing organ. I 
This  reasoning  is  supported  by  the  following  facts.  When  we 
prevent the growth of roots and  shoots on the lower side of the leaf 
by cutting off the dormant buds contained in the notches of the lower 
side of a leaf of Bryophyllum suspended vertically and sidewise, roots 
and shoots will now develop as abundantly on the upper side as they 
otherwise would have developed on the lower side; the only difference 
being  that  the  roots begin to appear on the upper side slightly later 
than they would have appeared on the lower side.  ~ 
The same proof can be furnished for the formation of roots on the 
lower side of a  horizontally placed stem.  When we cut off the lower 
half of such a  stem the roots will now form abundantly on the upper 
side  of  the  stem? 
The fact that some sap collects on the lower side of a piece of stem 
suspended  horizontally  or  on  the  lower  side  of  an  isolated  leaf 
suspended  sidewise in  a  vertical plane  may be compared  to  the be- 
havior  of  edematous  liquid  in  animals  which  also  follows  gravity. 
It  is possible that  only that  part  of the  sap  of an isolated  organ  is 
thus  affected  by gravity  which  is  not  in  active  circulation  in  the 
vessels.  The  circulation  in  the  vessels will  cause an  abundant  col- 
lection of material  at  the  ends of a  piece of stem  around  the whole 
circumference of the piece and this may account for the fact that at 
the basal end  of an  excised piece of stem  suspended horizontally in 
air roots develop on both the lower and upper side in such abundance 
that  the  slight  quantity  of  sap  collected  through  the  influence  of 
gravity  on  the  lower  side  of  the  base  becomes a  negligible  factor. 
The real share of gravity in the directive influence on root and shoot 
formation is,  therefore,  a  modest one since it needs consist only in a 
slightly greater  collection of sap on the lower side of an organ,  just 
sufficient to accelerate the growth of roots on the lower side. 
It  occurred  to  the  writer  that  this  conception  of  the  directive 
influence of gravity on root formation might be tested in still another 
way; namely,  by suspending  leaves  or  pieces of  stern  under  water. 
In  this  case  the  influence  of  gravity  on  root  formation  should dis- 376  ~L~NCZ  Olr  GRAVITY  ON  ARRANGEMENT  O~  ORGANS 
appear  or  be  greatly  diminished,  since  the  influence of  the  water 
furnished from the outside might tend to make the influence of  the 
slight quantity of sap collected on the lower side through the influence 
of gravity a  i~egligible factor. 
When we suspend pieces of stem of BryophyUum horizontally under 
water  (instead of in  air)  roots no longer develop on the lower side 
only but on the upper side as well (Figs. 2 and 3).  The sap will in 
this  case  collect also in  somewhat greater  abundance on the  lower 
side of the stem, but this will cause no retardation of growth on the 
FIG. 2.  Stems suspended horizontally under water.  Roots form  no  longer 
exclusively  on the lower side of the stems as they would have done had the stems 
been suspended in air, but on both the upper and lower side of the stem.  The 
stems were originally  straight and the curvature is due to geotropism; i.e., greater 
growth on the lower side. 
upper side on account of the abundance of water on the upper  side 
of the stern.  This is also true for leaves.  When we suspend leaves 
vertically and sidewise under water the roots and shoots will develop 
equally fast on the upper and lower sides of the leaf and the influence 
of  gravity will disappear  (Fig.  1,  lower  row).  In  both  cases  it  is 
necessary to suspend the organs near the surface of the water so that 
their oxygen supply will not suffer too much. ~'ACQUE$  LOEB  377 
We can finally submit our idea concerning the nature of the directive 
effect  of  gravity  upon  the  arrangement  of  organs  to  a  quantitative 
test.  When  an  organ  (e.g.  a  leaf  suspended  vertically  and  sidewise 
__7  7~ 
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Fio. 3.  Same as Fig. 2.  Duration  of experiment,  Oct.  13 to Nov.  I, 1919. 
in,moist air)  forms roots or shoots exclusively on the lower side,  the 
material  for  these  new  organs  must  be  partly  withdrawn  from  the 
upper side  of the  organ and we must be able  to prove that  the dry 378  INFLUENCE  OF  GRAVITY  ON  ARRANGEMENT  OF  ORGANS 
weight of the lower half of such an organ is always greater thart the 
dry weight of the upper half; while when an organ forms shoots and 
roots on both the upper and lower side (e.g. a leaf suspended vertically 
and  sidewise in water)  no  such difference in  the dry weight of the 
upper and lower half should be expected.  Determinations made by 
the writer confirm this expectation. 
These experiments were carried on in the following way.  A num- 
ber of leaves were suspended vertically and sidewise in an aquarium 
TABLE  I. 
Dry Weight of Upper and Lower  Halves  of Leaves  Suspended  Vertically and  Side- 
wise in  Air.  Roo~s and Shoots on Lower Side Only. 
Duration 
of experiment. 
days 
A.  22 
B.  32 
C.  36 
D.  35 
E,  31 
Upper halves of six leaves. 
Lower  t~  t~  ~  c~ 
Upper  "  "  "  " 
Upper  "  "  "  " 
Lower  "  "  "  " 
Upper  "  "  eight " 
Lower  "  "  "  " 
Upper  "  "  five  " 
Lower  "  "  "  " 
Dry weight. 
gm. 
0.620 
0.751 
0.810 
1.011 
0.570 
0.642 
0.582 
0.681 
0.499 
0.572 
Ratio 
dry weight upper halves 
dry weight lower hMvea 
0.815 
0.800 
0.888 
0.855 
0.872 
filled with moist air.  The majority of these leaves formed roots in 
abundance on the lower side but not  on  the upper  side.  For  this 
experiment  leaves  with  perfect  symmetry  were  selected.  Mter 
about 4 or 5 weeks a number of such leaves were cut as accurately as 
possible  along the middle rib  and  the fresh and dry weights of the 
upper and lower halves were  determined.  The dry weight of roots 
and  tiny shoots  formed on  the lower side was included in  the dry 
weight of the lower halves of the leaves.  The lower halves  of  the 
leaves had, without exception,  a  higher dry weight than  the upper 
halves  (Table I). /ACQImS LOEB  379 
As  a  control  the  same  experiments  were  made  with  leaves  sus- 
pended  under  water  which  had  formed  roots  and  shoots  on  both 
their  upper  and  their  under  sides  though  there  were  fewer on  the 
upper  side.  In  this  case  there was  no  constant difference between 
TABLE  II. 
Controls,  Dry  Weight of Upper and Lower Halves of Leaves  Suspended  Vertically 
and  Sidewise  in  Water.  Roots  and  Shoots  on  Upper  and  Lower  Sides. 
Duration 
of 
experi- 
ment. 
days 
A.  29 
B,  32 
Upper halves of six leaves with ten shoots. 
Lower  "  "  ~'  "  "  eleven  " 
Upper  "  "  five  "  "  four  " 
Lower  "  "  "  "  "  two  " 
weiDgr~t. 
gra. 
0.561 
0.538 
0.672 
0.606 
Ratio 
dry weight upper  halves 
dry weight lower halves 
1.04 
1.11 
TABLE  III. 
Dry Weight of Upper and Lower Halves of Leaves Suspended Vertically and Sideu,  ise 
in Moist Air, Which Formed Some Shoots on Both  Upper and Lower Sides. 
Duration 
of 
experi- 
ment. 
days 
35 
31 
Upper halves of four leaves. 
Lower  "  "  "  " 
Upper  "  "  seven  " 
Lower  "  cc  tc  a 
weDig~t, 
gra. 
o. 365 
O. 369 
O. 735 
O.783 
Ratio 
dry weight upper halves 
dry weight  lower halves 
0.990 
0.940 
the  dry  weights  of  the  upper  and  lower  halves.  The  differences 
found  were  very slight and  occurred in  both directions  (Table II). 
The same was true for leaves raised in moist air, which formed some 
shoots on the upper side.  The dry weights of the mass of the upper 
and lower halves did not differ  (Table III). 380  INFLUENCE  OF GRAVITY  ON  ARRANGEMENT  OF ORGANS 
IL 
The idea that a collection of sap occurs in the lower parts of a leaf 
suspended in a  vertical plane can be demonstrated through the fact 
that  leaves  thus  suspended  in  moist  air  form  a  reddish  or  purple 
pigment which has a  tendency to collect in the lower parts of such a 
leaf.  Fig.  4  shows  two leaves with this pigment.  The leaves  had 
been suspended in moist air  from April  17  to  May  14,  i919.  The 
Fro. 4. Leaves  suspended in moist air.  Collection of reddish or purplish pig- 
ment in lower halves of the leaves, following  the vessels.  It is also obvious that 
the pigment collects  more densely  near each notch where  a shoot or roots grow out. 
The leaves of the new shoots formed are full of pigment while the roots are free 
from it.  Duration of experiment, Apr. 17 to May 14, 1919. 
reddish  or  purple  pigment  is  indicated  in  the  drawing  by  black 
stippling.  It is obvious that the pigment collects in the lowest parts 
of the leaf, that it follows the vessels, and that it also flows into the 
young leaves, thus supporting the view that a  deflection of the sap 
flow  towards  the  new  shoots  occurs  in  such  a  leaf.  It does  not, JACQUES LOEB  381 
however, collect in the new roots.  A  closer inspection of the leaves 
shows that the red pigment collects not only in the lower half of the 
leaves but also in those notches of the upper part of the leaf where 
roots or shoots are growing vigorously, thus supporting the view that 
the flow of sap is directed to rapidly growing organs.  While a  small 
amount of red pigment may possibly be visible in a leaf under normal 
conditions  (especially along the edge of  a  young leaf),  a  noticeable 
amount is formed when the amount of water in the leaf is diminished. 
/ 
), 
FIo. S.  Two sister leaves, one suspended in moist air, the other dipping with its 
apex into water.  Only the former shows the pigment formation while the latter 
does not.  This  result is general and proves that the formation of the reddish 
pigment is favored by a diminution in the amount of water in the leaf since in 
the leaves suspended in moist air the ratio of dry to fresh weight is greater than 
in leaves which dip into water.  Duration of experiment, Apr. 2 to Apr. 17, 1919. 
This is shown by a  comparison of the two sister leaves in Fig. 5, one 
of which (the one on the fight) dipped with its apex into water while 
the other (the one to the left) was suspended in moist air.  The ratio 
of dry weight to fresh weight of such leaves is always greater in the FIG. 6.  Isolated leaves suspended  in,moist  air but  kept  in dark.  Although 
roots and shoots are formed no red pigment is noticeable.  Duration of experi- 
ment, Apr. 20 to May 13, 1919. 
FIG. 7.  Leaves suspended  sidewise and in a  vertical plane in moist air.  The 
purple pigment collects near the notches on the lower side where roots and shoots 
develop.  The young leaves are full of this purplish pigment.  It collects also on 
the upper side of the middle rib while the lower side of the middle rib is free from 
pigment.  In the petiole pigment exists on both the lower and upper side. 
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leaves suspended in air  than in water.  The leaf dipped into water 
(i.e.  the leaf with a  normal ratio of dry to fresh weight)  formed  no 
noticeable quantity of pigment while the other leaf with less water 
formed  a  considerable  quantity.  This  difference  is  constant.  A 
second  factor necessary for  the  appearance  of  red  pigment  in  the 
leaf is light.  When leaves are suspended in moist air but kept in the 
dark they form no noticeable amount of red or purple pigment (Fig. 6) 
though they form roots and shoots. 
Fla. 8. Two sister leaves, one (to the right) connected with a piece of stem, the 
other (to the left) detached from the stem.  Though both leaves are suspended in 
moist air only the detached (left) leaf is full of pigment, while the leaf in connection 
with stem is free from the purple pigment, which collects in  the stem and in the 
leaves of the bud formed by the stem. 
The most important fact for our problem is the distribution of sap 
in  leaves  suspended  sidewise  and  in  a  vertical plane  in  moist  air. 
In such leaves a  collection of sap is found in the vessels close to the 
notches of the lower side  of the leaves where  the roots  and  shoots 
develop (Fig. 7). 384  INFLUENCE  OF  GRAVITY  ON  ARRANGEMENT  OF  ORGANS 
We have stated in a preceding paper  s that the sap from a leaf flows 
normally into  the stem and  that  this is the reason of the inhibitory 
or retarding influence of the stem upon root and shoot formation in a 
leaf of Bryophyllum.  This idea is supported by the fact that when 
a piece of stem is left in connection with a leaf suspended in moist air 
no collection of red or purplish  pigment  occurs in  the  leaf but that 
Fresh  5tern 
Upper 51de 
FIG. 9.  Showing the distribution of the purple pigment in the stem. 
it is found in the petiole, in the stem, and in the new shoots which are 
formed by the stem.  This is iUustrated by Fig. 8.  The leaf on the 
right was left in connection with a piece of stem, while the sister leaf 
(to the left in Fig. 8) was detached from the stem.  The latter shows 
a  collection of the pigment in the vessels near each notch from which 
roots and shoots develop and the new shoots are full of the pigment. 
The  sister  leaf in  connection  with  a  piece  of  stem  (to  the  right  in 
Loeb, J., 3". Gen. Physiol.,  1919-20, ii, 297. JACQUES LOEB  385 
Fig. 8)  has no pigment in its notches, but  the pigment is visible in 
the stem and especially in the small leaves formed on the upper side 
of the stem.  It is needless to say that while only a few drawings are 
given the experiments were made on a large number of specimens, all 
yielding the same result.  Fig.  9  shows the distribution  of the pig- 
ment in the cortical layer of a  piece of stem connected with a  leaf. 
While  the purple  pigment is  a  convenient indicator  for  the  dis- 
tribution of sap, it is not the cause of the growth of roots and shoots 
in  a  leaf.  This  is  obvious from the fact that  growth of roots and 
shoots takes place in isolated leaves when kept in the dark or when 
dipping  in  water,  although  no  noticeable  formation  of  the  purple 
pigment takes place under these conditions. 
SUMMARY  AND  CONCLUSIONS. 
1.  When leaves of Bryophyllum calycinum are suspended in moist 
air  in  a  vertical  plane  and  sidewise,  roots  and  shoots  are  formed 
exclusively or predominate in  the notches on  the lower side of the 
leaves.  When pieces of stems of the same plant are suspended hori- 
zontally in moist air, roots develop on the lower side of the stem, with 
the exception of the extreme basal  end where they may develop on 
both sides. 
2.  The writer has suggested in a preceding paper that this directive 
influence of gravity on the arrangement of  the  regenerating  organs 
may be due to the combination of two  factors.  The  first  factor  is 
gravity, which causes a  slightly greater collection of sap on the lower 
side of these organs, and as a consequence roots develop a little more 
quickly on the lower than on the upper side.  The second factor is of 
an inhibitory character inasmuch as quite generally organs which grow 
out first, or which grow quickly, have a  tendency to retard or inhibit 
the growth of similar organs in other places. 
3.  The writer was able to prove the action of this inhibitory factor 
by cutting off the lower edges of leaves suspended sidewise in a vertical 
plane  or  the  lower  halves of stems suspended in a  horizontal plane 
(in  moist  air).  In  this  case roots developed as  abundantly on  the 
upper side of these organs as  they otherwise would have developed 
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4.  It was,  however,  still  necessary to prove the idea that  gravity 
causes sap to collect in larger quantity in  the lower parts  of organs. 
This gap is filled by the present paper in which it is shown, first, that 
in  the leaves suspended in moist air  a  red pigment is formed which 
has  a  tendency  to  collect gradually  in  the  lowest parts  of  the  leaf 
when the latter is suspended in  a  vertical plane.  This  red pigment 
serves as an indicator for the distribution of sap in the leaf and  thus 
shows directly  the  tendency  of the  sap  to  collect  in  greater  abun- 
dance on the lower edge of a leaf suspended in a vertical plane. 
Second, it is shown that when leaves or stems of Bryophyllum are 
suspended, in the way described, under water instead of in moist air, 
roots  develop on  the upper  side as well as on the  lower side.  The 
directive effect of gravity upon the arrangement  of organs disappears 
in  this  case  since  the  abundance  of  the  outside  water  makes  the 
effect of  a  slight  difference in  the  distribution  of  sap  between  the 
upper and lower side a  negligible factor. 
Third,  it is shown that  the dry weight of the lower half of leaves 
suspended sidewise for several weeks in moist air in a  vertical plane 
is  greater  than  that  of  the  upper  half  when  roots  and  shoots  are 
formed on the  lower  side  only.  This  indicates  that  material  from 
the upper half flows into  the growing organs  of the lower half.  No 
such difference between upper  and  lower half  of leaf is  found when 
the leaves are suspended in  the  same  way in  water  and  roots  and 
shoots are formed on both sides of the leaf. 
5.  It is shown that  when a  leaf connected with a  piece of stem is 
suspended in  moist  air  the  red pigment  goes into  the  stem  instead 
of collecting in  the lower part  of the leaf,  thus  supporting  the view 
expressed in a preceding paper that the inhibitory action of the stem 
on the root and shoot formation in a leaf of Bryophyllum is due to the 
fact  that  the  material  available  in  the  leaf  for  organ  formation  is 
naturally  sent into  the  stem. 